Pancreatic ductal adenocarcinoma (PDAC) is the fourth most common cause of cancer-related deaths in the US^[@R1]^, with even resectable tumours conferring a five-year survival rate of only 30%^[@R2]^. Cancer cell heterogeneity is believed to be one of the main causes of tumour aggressiveness and resistance to therapy^[@R3]^; therefore, understanding the sources of intratumoural PDAC diversity is a key aim.

Differentially tumourigenic cell subpopulations have been proposed to originate PDAC heterogeneity^[@R4]^; however, these subpopulations are still poorly characterised. Tumour cells with enhanced proliferative capacity, metastatic potential, resistance to therapy, and the ability to generate cellular heterogeneity are classified as tumour-initiating cells (TICs) or cancer stem cells (CSCs)^[@R5]^. Although TICs are functionally distinct from the tumour bulk, their identification is hampered by the need for specific markers that can be used for isolation and clinical targeting. Various CSC markers have been proposed for PDAC^[@R6]--[@R11]^, but a CSC population that can recapitulate PDAC cellular heterogeneity has not been identified.

Here, we identify and characterise a TIC population in PDAC marked by high cell surface levels of the tetraspanin CD9. *CD9* is amplified in almost 10% of human PDAC samples and high CD9 expression correlates with poorer survival. By prospective isolation of CD9-expressing PDAC cells, we demonstrate that CD9 identifies TICs that re-initiate tumour formation and recapitulate the cellular heterogeneity of primary PDAC. Knockdown and overexpression experiments revealed that CD9 not only marks TICs, but also promotes PDAC development. Mechanistically, we show that CD9 expression augments glutamine uptake by interacting with, and increasing the cell surface expression of, the glutamine transporter ASCT2, thereby enhancing PDAC growth.

Results {#S1}
=======

Identification of potential TIC markers in PDAC {#S2}
-----------------------------------------------

TICs have previously been identified using markers of their normal tissue stem cell counterparts^[@R12]^, but adult pancreas stem cells have not been clearly defined. To enrich for TIC function *in vivo*, we analysed very early stages of tumourigenesis, where cells of high tumourigenic potential presumably constitute a larger fraction of the tumour. Commonly used PDAC mouse models induce tumourigenesis during embryonic development, preventing the analysis of PDAC initiation. Therefore, we used the *LSL-KRas^G12D^ ; Fbw7^F/F^; Ck19-CreER; R26-LSL-YFP* (KFCkY) model, which triggers rapid PDAC development in adult animals upon tamoxifen treatment ([Fig. 1a](#F1){ref-type="fig"})^[@R13]^.

Two weeks post-tamoxifen, some KFCkY ductal cells remained histologically normal, indistinguishable from those in CkY ducts ([Fig. 1b](#F1){ref-type="fig"}, [Extended Data Fig. 1a](#F7){ref-type="fig"}), but others showed cellular and nuclear enlargement, features of transformed cells ([Fig. 1b](#F1){ref-type="fig"}). Both transformed and non-responsive ducts showed recombination of tumour-inducing alleles, highlighted by YFP expression and confirmed by genotyping PCR ([Extended Data Fig. 1b](#F7){ref-type="fig"}). Four weeks post-tamoxifen, we still observed non-responsive YFP^+^ duct cells ([Fig. 1b](#F1){ref-type="fig"}), suggesting that different transformation potentials were not due to asynchronous recombination.

To look for differences between transformed and non-responsive cells, we analysed previously described CSC markers^[@R6],\ [@R8]^. CD133 surface expression was detected in transformed and non-responsive cells ([Extended Data Fig. 1c](#F7){ref-type="fig"}), excluding it as a specific TIC marker. CD44 was expressed in transformed KFCkY duct cells at two weeks post-tamoxifen but not in non-responsive, traced KFCkY duct cells, despite complete recombination of *KRas* and *Fbw7* alleles ([Fig. 1c,d](#F1){ref-type="fig"}, [Extended Data Fig. 1c,d](#F7){ref-type="fig"}). At later stages, almost all tumour cells (i.e. not only cells of high tumourigenic potential) expressed CD44 ([Fig. 1c](#F1){ref-type="fig"}, [Extended Data Fig. 1e,f](#F7){ref-type="fig"}). However, CD44 expression discriminated transformed from non-responsive cells and provided us with a tool to isolate these two populations.

Genome-wide expression analysis of sorted YFP^+^CD44^+^ and YFP^+^CD44^-^ pancreatic cells from fifteen KFCkY mice at the earliest stages of transformation (two weeks post-tamoxifen) found several genes overexpressed in the transformed population known to be upregulated in PDAC, including *Epcam*^[@R14]^, *Ctse*^[@R15]^, *Agr2*^[@R13]^ and *Cd44*, serving as an internal positive control ([Fig. 1e,f](#F1){ref-type="fig"}, [Extended Data Fig. 1g](#F7){ref-type="fig"}). To identify markers that might also distinguish TICs in established PDAC, we selected candidates that were overexpressed at least 1.5-fold in transformed versus non-responsive cells, contained at least one extracellular domain, were lowly expressed in normal pancreas, and were expressed in PDAC cells according to The Human Protein Atlas^[@R16]^. The tetraspanin CD9 met these criteria and its overexpression in transformed KFCkY cells was validated by RT-qPCR ([Fig. 1g](#F1){ref-type="fig"}). Unlike CD44, high CD9 expression remained restricted to a subpopulation of KFCkY tumour cells at later stages of PDAC ([Extended Data Fig. 1h-j](#F7){ref-type="fig"}).

To examine CD9 expression in developed PDAC, we used the *Pdx1-Cre; LSL-KRas^G12D^; p53^F/F^; Rosa26-LSL-YFP* (KPCY) model ([Fig. 1h](#F1){ref-type="fig"})^[@R17]^. While all PDAC cells expressed the CD9 protein, a small subpopulation of around 5% of YFP^+^ tumour cells presented increased surface expression of CD9 in late-stage PDAC ([Fig. 1i,j](#F1){ref-type="fig"}, [Extended Data Fig. 1k](#F7){ref-type="fig"}). CD9 localised predominantly to the plasma membrane, with punctate staining characteristic of tetraspanin-enriched microdomains, in both KPCY and KFCkY models ([Fig. 1j](#F1){ref-type="fig"}, [Extended Data Fig. 1j](#F7){ref-type="fig"})^[@R18]^. CD9 surface expression also remained restricted to a subpopulation of cells in KPCY tumour organoids ([Extended Data Fig. 1l](#F7){ref-type="fig"}).

CD9 surface expression marks PDAC TICs {#S3}
--------------------------------------

Tumour organoid cultures enrich for pancreatic stem-like cells^[@R19]^ and reflect tumour initiation properties. YFP^+^CD9^high^ cells sorted from freshly isolated KPCY PDAC demonstrated higher organoid-forming capacity than YFP^+^CD9^low^ cells ([Fig. 2a,b](#F2){ref-type="fig"}), a result replicated in the ductal KFCkY model and therefore independent of p53 or Fbw7 status ([Extended Data Fig. 2a](#F8){ref-type="fig"}). When cultured as organoids for several passages, the CD9^high^ population retained higher organoid formation capacity ([Fig. 2c](#F2){ref-type="fig"}).

CSC pools are dynamic and vary with the stage of tumour development. While both CSCs and non-CSCs survive seeding, CSCs are enriched at tumour initiation followed by a proportional reduction during tumour expansion^[@R20]^. In accordance with a TIC phenotype, the proportion of CD9^high^ tumour cells was low (\~5%) at confluency, but increased as the organoids established after seeding, peaking (\~50%) after four days, and returning to baseline as the culture became denser ([Extended Data Fig. 2b](#F8){ref-type="fig"}). More CD9^high^ than CD9^low^ cells were positive for the cell proliferation marker Ki67, with overall proliferation highest at day 4 ([Extended Data Fig. 2c](#F8){ref-type="fig"}). These dynamics suggest that, even though the majority of tumour cells seeded were CD9^low^, the organoid cultures are initiated and propagated by CD9^high^ cells, which can then give rise to CD9^low^ cells.

To assess the ability of CD9 to mark PDAC TICs *in vivo*, CD9^high^ and CD9^low^ KPCY organoid cells were sorted and injected subcutaneously in contralateral flanks of immunocompromised mice, at serial dilutions ranging from 200,000 to 200 cells ([Fig. 2d](#F2){ref-type="fig"}). At all dilutions, CD9^high^ cells formed tumour nodules (4 mm^3^) before CD9^low^ cells ([Extended Data Fig. 2d,e](#F8){ref-type="fig"}), demonstrating that CD9^high^ tumour cells are more capable of initiating tumours upon transplantation.

Whereas 'non-tumour-initiating cells' harbour limited proliferative potential that could enable nodule formation^[@R21]^, TICs can sustain the growth of the initiated tumour. Even at limiting cell dilutions, tumours initiated from CD9^high^ cells grew larger and faster. In contrast, CD9^low^ cells failed to maintain tumour growth at limiting dilutions, with two of the four nodules initially formed from 200 cells completely regressing ([Fig. 2e,f](#F2){ref-type="fig"}, [Extended Data Fig. 2f](#F8){ref-type="fig"}). Furthermore, CD9^high^ tumour grafts contained more proliferating cells than CD9^low^ grafts, as measured by phosphorylated histone H3 staining ([Fig. 2g](#F2){ref-type="fig"}).

CD9^high^ cells recapitulate primary tumour heterogeneity {#S4}
---------------------------------------------------------

As described for the KPC model^[@R17]^, KPCY tumours contained regions of both ductal epithelial morphology (YFP^+^CK19^+^) and mesenchymal (sarcomatoid) morphology (YFP^+^CK19^-^; [Fig. 3a](#F3){ref-type="fig"}, top). Similar to the primary tumour, subcutaneous tumours from transplanted CD9^high^ cells also developed a mixed histology, comprising both ductal-like (CK19^+^) and spindle-shaped (CK19^-^) tumour cells ([Fig. 3a](#F3){ref-type="fig"}, middle). Tumour grafts from CD9^low^ cells, however, formed cystic structures of exclusively CK19^+^ cuboidal epithelial cells, with no evidence of spindle-shaped tumour cells ([Fig. 3a](#F3){ref-type="fig"}, bottom).

The sarcomatoid morphology of PDAC cells, also seen in human samples, is thought to be due to epithelial-to-mesenchymal transition, implicated in tumour aggressiveness and chemoresistance^[@R22]--[@R24]^. Mirroring primary PDAC, the CD9^high^-derived tumour grafts contained both epithelial (E-cadherin^+^) and mesenchymal (vimentin^+^) cells. In contrast, CD9^low^-derived tumour nodules contained exclusively E-cadherin^+^ and almost no vimentin^+^ cells, consistent with the absence of spindle-shaped cells in these tumours ([Fig. 3b-e](#F3){ref-type="fig"}). Together, these data indicate that CD9^high^ KPCY tumour cells can efficiently initiate the growth of tumours that recapitulate the morphological and cellular heterogeneity of primary KPCY tumours.

CD9 is required for efficient PDAC development {#S5}
----------------------------------------------

To determine whether CD9 is of functional importance in PDAC, we manipulated CD9 levels in KPC organoids. Stable knockdown of CD9 using three different lentiviral shRNAs compromised organoid-forming capacity ([Fig. 4a,b](#F4){ref-type="fig"}, [Extended Data Fig. 3a](#F9){ref-type="fig"}). When injected subcutaneously into the flanks of immunocompromised mice, CD9 knockdown cells formed smaller tumour grafts, confirming that CD9 expression is required for efficient tumourigenesis ([Fig. 4c](#F4){ref-type="fig"}).

A CMV-driven lentiviral EGFP-mCD9 fusion construct, previously shown to maintain CD9 function^[@R25]^, yielded equal expression of EGFP and CD9 protein and showed EGFP-mCD9 localising to the plasma membrane, whereas EGFP localised to the cytoplasm of KPC cells ([Extended Data Fig. 3b,c](#F9){ref-type="fig"}). EGFP-mCD9-expressing cells, which expressed four times the endogenous levels of *Cd9* ([Fig. 4d](#F4){ref-type="fig"}), showed enhanced KPC organoid formation compared to EGFP control cells ([Fig. 4e](#F4){ref-type="fig"}, [Extended Data 3d](#F9){ref-type="fig"}), indicating that CD9 abundance may be limiting for tumour initiation. These findings were confirmed using an EF1α-driven CD9 overexpression construct ([Extended Data Fig. 3e-g](#F9){ref-type="fig"}). EGFP-mCD9 cells also formed larger tumour grafts compared to EGFP control cells when injected subcutaneously into the flanks of immunocompromised mice ([Fig. 4f](#F4){ref-type="fig"}).

To test the role of CD9 in an aggressive autochthonous model of PDAC, we crossed a *Cd9* conditional allele^[@R26]^ into the KPCY background ([Fig. 4g](#F4){ref-type="fig"}). Complete CD9 deletion in YFP^+^ cells was confirmed by flow cytometry and qPCR of primary pancreatic samples ([Extended Data Fig. 4a,b](#F10){ref-type="fig"}). Strikingly, heterozygous CD9 deletion in the pancreas significantly extended the lifespan of KPCY mice harbouring either homozygous or heterozygous deletion of p53, suggesting that CD9 contributes to PDAC progression *in vivo* ([Fig. 4h,i](#F4){ref-type="fig"}). At 8 weeks in the p53 heterozygous KPCY model, developing tumours had already progressed to PDAC in the CD9^WT/WT^ mice but only reached PanIN stages in CD9 heterozygous or homozygous mice ([Extended Data Fig. 4c,d](#F10){ref-type="fig"}). Surprisingly, homozygous CD9 deletion did not extend lifespan and pancreatic lesions were more advanced at 8 weeks than those in CD9 heterozygous mice ([Fig. 4h,i](#F4){ref-type="fig"}, [Extended Data Fig. 4c,d](#F10){ref-type="fig"}). We hypothesised that completely deleting CD9 during embryogenesis activates compensatory mechanisms, whereas heterozygous deletion does not. In line with this hypothesis, KPC CD9^Δ/Δ^ cells formed subcutaneous tumour grafts more efficiently than their CD9^Δ/WT^ counterparts ([Extended Data Fig. 4e](#F10){ref-type="fig"}). The slower tumour progression and increase in survival of CD9 heterozygous KPC mice are consistent with the decrease in TIC properties observed upon CD9 knockdown. Overall, these experiments demonstrate that, in addition to marking TICs in PDAC, CD9 also drives *in vitro* organoid formation and is involved in PDAC tumour formation *in vivo*.

CD9 facilitates glutamine import into TICs {#S6}
------------------------------------------

As a member of the tetraspanin protein family, CD9 has previously been described as a scaffolding protein interacting with a variety of other cell surface proteins, including PTGFRN^[@R27]^, EpCAM^[@R28]^, and other tetraspanins including CD9 itself^[@R29]^ and CD81^[@R27]^. Since CD9 function is highly context-dependent^[@R18]^, we used an immunoprecipitation-mass spectrometry (IP-MS) approach in KPC cells to uncover relevant CD9 interactors in PDAC and investigate how CD9 contributes to TIC function. Following intensity-based absolute quantification (iBAQ) of EGFP and EGFP-mCD9 binding partners, CD9 was the most enriched protein in the EGFP-mCD9 condition, and PTGFRN and EpCAM were identified as interactors, validating our approach ([Fig. 5a](#F5){ref-type="fig"}). Among the top hits were the glutamine transporter ASCT2 (encoded by *Slc1a5*) and the lactate transporter MCT1 (encoded by *Slc16a1*), neither of which have previously been reported to interact with tetraspanins ([Fig. 5a](#F5){ref-type="fig"}). The interactions of CD9 with ASCT2 and MCT1 were confirmed by co-IP ([Fig. 5b](#F5){ref-type="fig"}, [Extended Data Fig. 5a](#F11){ref-type="fig"}). Since ASCT2 and MCT1 have been reported to associate in protein complexes ([Fig. 5c](#F5){ref-type="fig"}) also containing EpCAM^[@R30]^, we tested whether CD9 cell surface expression correlates with expression of these proteins. Indeed, CD9^high^ cells also showed higher surface levels of EpCAM, basigin (an MCT1 chaperone) and CD98hc (obligate binding partner of amino acid transporter LAT1) compared to CD9^low^ cells ([Extended Data Fig. 5b](#F11){ref-type="fig"}).

Given that KRas-driven pancreatic cancer relies on glutamine metabolism^[@R31]^, we focussed on the interaction between ASCT2 and CD9. ASCT2 localised to CD9-enriched puncta on the plasma membrane of KPC organoids ([Extended Data Fig. 5c](#F11){ref-type="fig"}). ASCT2 colocalisation with membrane tdTomato staining was higher in CD9^high^ cells than CD9^low^ cells sorted from organoid cultures (Pearson's correlation coefficient 0.68--0.80 vs. 0.51--0.63, p \< 0.0001, [Extended Data Fig. 5d](#F11){ref-type="fig"}). To test the effect of CD9 deletion on ASCT2, we employed a dual-recombinase system ([Fig. 5d](#F5){ref-type="fig"}, designated KPF-CD9) that allows acute deletion of CD9 in established tumour organoids^[@R32]^. In this system, PDAC is initiated by embryonic KRas^G12D^ activation and p53 deletion using Pdx1-Flp recombinase, and CD9 is then deleted in tumour organoids using adenoviral Cre or 4-hydroxytamoxifen (4-OHT). When the *Cd9* gene was acutely deleted in growing KPF-CD9 organoids, ASCT2 also shifted its membrane localisation to a more diffuse staining pattern throughout the cell ([Fig. 5e](#F5){ref-type="fig"}, [Extended Data Fig. 5e](#F11){ref-type="fig"}), quantified using a cell segmentation algorithm ([Fig. 5f](#F5){ref-type="fig"}, see Methods). High expression of ASCT2 correlates with poorer outcome for pancreatic cancer patients^[@R33]^, suggesting that controlling ASCT2 localisation could contribute to CD9 function in PDAC. In line with this idea, ASCT2 was upregulated on transformed CK19^+^ tumour cells compared to non-responsive CK19^+^ ductal cells, as well as in transformed YFP^+^CD44^+^ lesions in the KFCkY model ([Extended Data Fig. 5f,g](#F11){ref-type="fig"}). Since ASCT2 is an important glutamine importer in pancreatic cancer cells^[@R33]^, we analysed glutamine uptake in KPF-CD9 organoids. Compared to control cells (KPF CD9^F/WT^), acute genetic inactivation of one allele of *Cd9* (KPF CD9^Δ/WT^) led to significantly lower glutamine uptake and intracellular glutamine abundance as well as lower incorporation of ^13^C-glutamine into metabolites of the Krebs cycle ([Fig. 5g](#F5){ref-type="fig"}, [Extended Data Fig. 5h](#F11){ref-type="fig"}). This defect was not due to an overall decrease in metabolite abundance in KPF CD9^Δ/WT^ cells, as other metabolites were equally abundant under both conditions ([Extended Data Fig. 5i](#F11){ref-type="fig"}).

To determine whether decreased glutamine uptake in CD9-deficient tumour cells affects their tumour initiation, we assayed organoid formation in response to modulation of glutamine availability or overexpression of ASCT2 ([Extended Data Fig. 6a](#F12){ref-type="fig"}). As expected, KPF-CD9^Δ/WT^ organoids displayed reduced organoid formation in medium containing basal levels of glutamine. Importantly, this phenotype could be ameliorated either by glutamine supplementation, or by ASCT2 overexpression ([Fig. 5h](#F5){ref-type="fig"}, [Extended Data Fig. 6b](#F12){ref-type="fig"}). ASCT2 overexpression also increased organoid formation in CD9^low^ KPC cells ([Fig. 5i](#F5){ref-type="fig"}, [Extended Data Fig. 6c](#F12){ref-type="fig"}), indicating that a key function of CD9 in PDAC TICs is to facilitate glutamine uptake. Restriction of glutamine metabolism by treatment with glutaminase inhibitors has previously been proposed as a potential therapeutic strategy for PDAC^[@R31],\ [@R34]^, and ASCT2 inhibitors have also been developed^[@R35]^. Acute CD9 deletion in PDAC organoids increased the response to both glutaminase and ASCT2 inhibitors ([Fig. 5j](#F5){ref-type="fig"}), suggesting that combined targeting of CD9 and glutamine metabolism might be a valuable therapeutic strategy.

Since CD9 affected glutamine uptake in PDAC, we tested whether KPC CD9^Δ/Δ^ tumours change their metabolism to compensate for CD9 loss, given that homozygous CD9 deletion did not provide a survival benefit. We analysed the total metabolome of pancreatic tissues of KPC (p53^Δ/Δ^) mice at 4 weeks when all animals, irrespective of CD9 status, had already progressed to PDAC ([Extended Data Fig. 6d](#F12){ref-type="fig"}). Unsupervised clustering of the top 100 significantly changing metabolic features, as measured by LC-MS and subsequent ANOVA analysis, revealed that CD9^WT/WT^ and CD9^Δ/Δ^ tissues clustered together, and separately from CD9^Δ/WT^ tissues ([Fig. 5k](#F5){ref-type="fig"}). The identified metabolites fell into several metabolic pathways, including glutamine/glutamate metabolism and related pathways ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}). Strikingly, CD9^WT/WT^ and CD9^Δ/Δ^ tissues contained higher levels of glutamine than CD9^Δ/WT^ tissues ([Fig. 5k](#F5){ref-type="fig"}). Furthermore, the gene encoding ASCT2, *Slc1a5*, was upregulated in CD9^Δ/Δ^ cells ([Extended Data Fig. 6e](#F12){ref-type="fig"}), while no other tetraspanins tested were upregulated ([Extended Data Fig. 6f](#F12){ref-type="fig"}). Thus, complete inactivation of CD9 in KPC CD9^Δ/Δ^ tumours leads to compensatory metabolic rewiring, allowing rapid tumour progression.

CD9 expression correlates with poorer outcome for patients {#S7}
----------------------------------------------------------

To determine whether CD9 is also a functional TIC marker in human PDAC, we first analysed public datasets. High *CD9* mRNA expression was associated with shorter overall survival (n = 179, TCGA dataset^[@R36]^; [Fig. 6a](#F6){ref-type="fig"}), and approximately 10% of micro-dissected human PDAC samples exhibited genomic amplifications of *CD9* (UTSW dataset^[@R37]^; [Fig. 6b](#F6){ref-type="fig"}). *CD9* is located on the short arm of chromosome 12 together with *KRAS*, a gene commonly amplified in human PDAC^[@R38]^. However, we observed that *KRAS* and *CD9* are rarely co-amplified, suggesting that *CD9* amplification is not a passenger event and may drive human PDAC independently ([Fig. 6b](#F6){ref-type="fig"}). A further subset of samples, mainly those without *CD9* amplification, showed amplification of *SLC1A5* ([Fig. 6c](#F6){ref-type="fig"}). We also confirmed the interaction of CD9 with ASCT2 in the human pancreatic cancer cell line PANC-1 ([Extended Data Fig. 7a](#F13){ref-type="fig"}).

Furthermore, resected human PDAC tumours showed a subpopulation of CD9^high^ cells ([Fig. 6d](#F6){ref-type="fig"}), which also exhibited high levels of ASCT2 at the cell surface ([Extended Data Fig. 7b](#F13){ref-type="fig"}). Thus, regulation of ASCT2 by CD9 may also be important in human PDAC. A substantial percentage of CD9^high^ cells was CD44^low^ and CD133^low^, indicating that CD9 marks a population that partially overlaps, but is distinct from, previously described CSC populations ([Extended Data Fig. 7c](#F13){ref-type="fig"}). Importantly, sorted CD9^high^ cells from primary human PDAC organoid cultures (*KRAS* mutant) formed significantly more organoids compared to CD9^low^ cells ([Fig. 6e](#F6){ref-type="fig"}), suggesting that, as in mice, human CD9^high^ cells have enhanced tumour-initiating properties.

Discussion {#S8}
==========

In seeking to define and understand the biology of TICs in PDAC, we made use of the heterogeneity in tumour-initiating capacity at early stages of tumourigenesis to identify upregulation of the tetraspanin CD9 in TICs. CD9^high^, but not CD9^low^, cells gave rise to heterogeneous and highly proliferative tumours that histologically resembled primary PDAC. Alteration of CD9 levels in PDAC organoids affected their tumour-initiating capacity, and heterozygous deletion of *Cd9* in an autochthonous model of PDAC increased overall survival in mice. Mechanistically, CD9 was linked to altered tumour cell metabolism by interacting with the glutamine transporter ASCT2 and enhancing glutamine uptake. Thus, we identified CD9 as a functionally significant marker of TICs in PDAC (Fig. 7).

Although several CSC markers have been proposed for PDAC, including CD44, c-Met and CD133, as well as autofluorescence/ABCG2 expression and ALDH1 activity^[@R6]--[@R8],\ [@R39],\ [@R40]^, the functional relevance and overlap of these markers in putative TIC populations is still debated^[@R41]^. However, the cell surface localisation of CD9, together with its functional link to TIC metabolism, make it particularly useful as a marker of TIC biology, as well as a potential target of antibody-based therapies. Accumulating evidence hints at the importance of tetraspanins in stem cells more generally, from the recent discovery of TSPAN-1 as a marker of totipotent adult stem cells in the planarian *Schmidtea mediterranea*^[@R42]^, to Tspan3 as a marker of murine leukaemia-initiating cells^[@R43]^.

CD9 has previously been described to have both pro- and anti-tumour functions^[@R18]^, including restraining glioblastoma cell proliferation^[@R44]^, prostate cancer metastasis^[@R45]^, and surface EGFR expression in pancreatic cancer cell lines^[@R46]^. However, in support of our findings, CD9 expression was found to be increased in pancreatic cancer versus normal pancreatic tissue^[@R47]^. CD9 has also been described as a marker of CSCs in glioblastoma^[@R48],\ [@R49]^ and B-cell acute lymphoblastic leukaemia^[@R50]^. Our data indicate that CD9^high^ cells can initiate and sustain PDAC growth, and that the CD9 protein itself has an important function in PDAC.

Since CD9 overexpression enhanced organoid and tumour formation, the levels of CD9 may be rate-limiting for PDAC cells during tumourigenesis. Glutamine is the most highly metabolised amino acid in human PDAC tumours. Serum glutamine levels decrease during PDAC progression, and glutamine metabolism is essential in KRas-driven PDAC^[@R31],\ [@R51],\ [@R52]^. Since the PDAC microenvironment is poorly perfused and nutrient poor, PDAC cells use glutamine transporters as well as macropinocytosis for glutamine uptake^[@R53],\ [@R54]^. Our data suggest that TICs have a mechanism for maximising glutamine uptake. We speculate that due to their high surface levels of ASCT2 and glutamine metabolism, CD9^high^ TICs show reduced sensitivity to glutaminase and ASCT2 inhibition. KPC tumours have previously been shown to continue growing and metabolically rewire in the presence of a glutaminase inhibitor^[@R34]^. Given that CD9 heterozygosity results in a significant lifespan extension in KPC mice, a partial interference with CD9 function may be sufficient to gain therapeutic benefit. Alternatively, simultaneous targeting of CD9 and glutamine metabolism could anticipate potential compensatory mechanisms and improve long-term response. In conclusion, our findings open up several potential approaches to inhibit PDAC growth by targeting TICs via CD9.

Extended Data {#S9}
=============

![CD9 identification\
a) YFP stain of pancreatic ducts of R26-LSL-YFP; Ck19-CreER mice 2 weeks post-tamoxifen. Scale bar, 50 μm, inset 50 μm x 50 μm.\
b) Flow cytometry analysis and genotyping of unrecombined and recombined cells from KFCkY pancreas 2 weeks post-tamoxifen. Expected band sizes (base pairs) are indicated; see Source Data for uncropped gels.\
c) CD44 and CD133 stain in consecutive pancreatic sections of KFCkY mice 2 weeks post-tamoxifen. Non-responsive regions magnified. Black arrows show apical expression of CD133 in non-responsive cells. Scale bar, 50 μm.\
d) CD44 gating strategy using rat IgG~2b~ isotype control on KFCkY pancreas 2 weeks post-tamoxifen. Related to [Fig. 1d](#F1){ref-type="fig"}.\
e) Validation of the CD44 antibody using rat IgG~2b~ isotype control on KFCkY tumours; quantification of CD44^+^ cells.\
f) Quantification of transformed/CD44^+^ YFP^+^ foci in pancreatic tissues of KFCkY mice two (n = 5) and four (n = 3 biologically independent animals) weeks post-tamoxifen. Dot plot shows mean, s.d.\
g) Human PDAC markers among upregulated genes in microarray. Fold changes relative to NT cells.\
h) Flow cytometry analysis of CD44 and CD9 expression on live, YFP^+^ cells from KFCkY pancreas 4 weeks post-tamoxifen.\
i) Quantification of live tumour cells (DAPI^-^YFP^+^, n = 3 biologically independent animals) from (h). Bar chart shows mean, s.d., p = 0.0013, two-sided *t* test.\
j) CD9, E-cadherin and DAPI staining on pancreatic tissues of KFCkY mice 4 weeks post-tamoxifen. Scale bar, 50 μm, 10 μm (inset).\
k) CD9 gating strategy using rat IgG~2a~ isotype control on live KPCY tumour cells. Related to [Fig. 1i](#F1){ref-type="fig"}.\
l) Validation of the CD9 antibody using rat IgG~2a~ isotype control in live KPCY PDAC organoids; quantification of CD9^+^ cells. All flow cytometry plots and immuno-staining data shown in Extended Data Fig. 1 are representative of at least three biologically independent animals/experiments.](EMS84419-f007){#F7}

![CD9 marks TICs\
a) Organoid formation assay (organoid number) of CD9^high^ and CD9^low^ YFP^+^ tumour cells freshly isolated from KFCkY PDAC (n = 4 biologically independent animals). Dot plot shows mean, s.d., p value from two-sided Mann-Whitney test. Right, representative brightfield images of generated organoids 10 days after plating. Scale bar, 250 μm.\
b) CD9 expression dynamics of two representative KPCY organoid cultures. Organoid cultures were dissociated at confluency and replated. The percentage of CD9^high^ cells was measured by flow cytometry over time as the cultures grew.\
c) Flow cytometry analysis of a representative KPCY organoid culture at 4 and 8 days of culture, stained for CD9 and the proliferation marker Ki67. Proliferation is higher at 4 than 8 days, and only CD9^high^ cells actively proliferate in the culture at both timepoints. Flow cytometry plots shown in (b) and (c) are representative of at least three biologically independent samples.\
d) Tumourigenic capacity of CD9^high^ versus CD9^low^ tumour cells from KPCY PDAC-derived organoids. 200,000, 20,000, 2,000 or 200 sorted tumour cells were injected into the flanks of *Nu/Nu* mice and the number of weeks to nodule detection (4 mm^3^) was registered.\
e) Bar charts of percentage of mice injected with 2,000 (above) or 200 (below) sorted CD9^high^ or CD9^low^ tumour cells that developed tumours by the given week. Each bar shows cumulative data of all mice harbouring tumours at a given week (n = 6 for 2,000 cells, n = 4 for 200 cells).\
f) Fold difference in tumour volumes between the CD9^low^- and CD9^high^-derived tumours at each dilution; n = 3, 5, 6 and 4 biologically independent animals for 200,000-, 20,000-, 2,000- and 200-cell injections, respectively. Dot plot shows mean, s.d., p values from two-sided *t* tests.](EMS84419-f008){#F8}

![CD9 is required for efficient PDAC formation\
a) Organoid formation assay (total organoid area) of KPC organoids upon CD9 knockdown (representative of n = 3 biologically independent experiments). Dot plot shows mean, s.d., p values from two-sided *t* test. Related to [Fig. 4b](#F4){ref-type="fig"}.\
b) Flow cytometry plot of HEK293T cells transiently transfected with EGFP control and EGFP-mCD9 vectors. The KMC8 antibody was used to specifically recognise murine CD9.\
c) Live confocal microscopy images showing cytoplasmic EGFP and predominantly plasma membrane EGFP-mCD9 localisation in primary KPC cells. Scale bar, 20 μm. Flow cytometry plots and fluorescence imaging shown in (b) and (c) are representative of three biologically independent samples.\
d) Organoid formation assay (total organoid area) of KPC organoids upon CD9 overexpression (n = 3 biologically independent experiments). Related to [Fig. 4e](#F4){ref-type="fig"}. Dot plot shows mean, s.d., p \< 0.0001, two-sided *t* test.\
e) Schematic of the EGFP control and EGFP-mCD9 overexpression system using an EF1α promoter.\
f) Organoid formation assay (organoid number) of KPC organoids upon CD9 overexpression using the EF1α vector (n = 2 biologically independent experiments). p = 0.001, two-sided *t* test.\
g) Organoid formation assay (total organoid area) of KPC organoids upon CD9 overexpression using the EF1α vector (n = 2 biologically independent experiments). p = 0.002, two-sided *t* test. Dot plots in (f) and (g) show mean, s.d.](EMS84419-f009){#F9}

![Characterisation of KPC CD9 knock-out model\
a) Flow cytometry histogram of cells isolated directly from mouse pancreas of the indicated genotypes after gating on YFP^+^ cells. CD9 staining confirms heterozygous and complete knockout in CD9^Δ/WT^ and CD9^Δ/Δ^ cells, respectively. Flow cytometry plot is representative of three biologically independent samples.\
b) *Cd9* mRNA levels measured by RT-qPCR in early passage (\<5) KPC organoids of the indicated genotypes (n = 2 biologically independent animals per genotype); cells were isolated from endpoint tumours. Values were normalised to *Gapdh* and *Actb*, and fold changes calculated relative to CD9^WT/WT^ cells.\
c) Representative histology of KPC pancreases at 8 weeks with indicated CD9 status (in the p53^Δ/WT^ model, median survival of CD9^WT/WT^ mice 17.4 weeks; n = 6, 4 and 8 biologically independent animals for CD9WT/WT, CD9^Δ/WT^ and CD9^Δ/Δ^, respectively).\
d) Stacked bar graph showing quantification of precursor PanIN and PDAC lesions in KPC pancreases at 8 weeks from (c). KPC CD9^Δ/WT^ mice exhibit later onset and/or slower tumour progression.\
e) Weight of subcutaneous grafts at endpoint after initial injection of 10,000 KPC CD9^Δ/WT^ or KPC CD9^Δ/Δ^ cells (n = 3 biologically independent animals, from organoid cultures derived from the p53^Δ/Δ^ model at 4 weeks). p = 0.0252, two-sided *t* test. Dot plot shows mean, s.d.](EMS84419-f010){#F10}

![CD9 facilitates glutamine import into TICs\
a) Co-IP of transiently transfected Myc-MCT1 (left) or Myc-mASCT2 (right) with EGFP-mCD9 after EGFP pull-down in HEK293T cells. Blots are representative of 3 independent experiments. See Source Data for uncropped blots.\
b) Flow cytometry plots co-staining CD9 with cell surface proteins involved in metabolism in KPC organoids. Representative of 3 independent experiments.\
c) Membrane co-localisation (arrowheads) of ASCT2 and EGFP-CD9 in KPC organoids by co-immunofluorescence. Scale bar, 20 μm; insert 20 by 20 μm.\
d) Immunofluorescence of ASCT on sorted CD9^low^ and CD9^high^ KPC cells. Scale bars, 20 μm. Representative of 3 independent experiments.\
e) Immunofluorescence of KPF-CD9 organoids after control vehicle or 4-OHT treatment. Representative of 2 independent experiments. Scale bars, 20 μm. Related to [Fig. 5e](#F5){ref-type="fig"}.\
f) Immunofluorescence of ASCT2 in a KPCY mouse pancreas: non-transformed area (top) and transformed areas (bottom). Scale bars, 100 μm low mag, 20 μm high mag. Representative of at least 3 biologically independent animals.\
g) YFP, CD44, ASCT2 and DAPI staining on pancreatic tissue of a KFCkY mice 1 week (top) and 4 weeks (bottom) post-tamoxifen. Scale bars, 20 μm. Representative of at least 3 biologically independent animals.\
h) Metabolic profiles of KPF-CD9 organoids (after control Adeno-EGFP (CD9^F/WT^) or Adeno-CRE-EGFP (CD9^Δ/WT^) infection) grown in organoid media containing 4 mM ^13^C-glutamine for 4 h.\
i) Some metabolites, including glycolytic intermediates, are equally abundant under the conditions in (h), but did not contain any detectable ^13^C label. Data in (h) and (i) represent one experiment carried out with six technical replicates. Due to technical limitations, statistics for metabolite abundance and label incorporation were performed on technical replicates separately using a two-way ANOVA corrected for multiple comparisons using the Holm-Sidak method, α = 0.05; bar charts show mean, s.d.](EMS84419-f011){#F11}

![CD9 facilitates glutamine import into TICs and metabolic compensation in KPC mice\
a) Western blot showing overexpression of ASCT2 in organoids. Blot shown is representative of 2 independent experiments. See Source Data for uncropped blots.\
b) Organoid formation assay (total organoid area) of KPF-CD9 organoids after vehicle/Adeno-EGFP or 4-OHT/Adeno-CRE-EGFP treatment in the presence of basal or elevated (4 mM) levels of glutamine, and with control pLV or pLV ASCT2 overexpression (n = 3 biologically independent experiments). Related to [Fig. 5h](#F5){ref-type="fig"}. Black p values (CD9^F/WT^ versus CD9^Δ/WT^) calculated using two-way ANOVA corrected for multiple comparisons, Holm-Sidak method, α = 0.05. Blue p values (within CD9^Δ/WT^ conditions) calculated using two-way ANOVA corrected for multiple comparisons, Dunnett's test, α = 0.05. Dot plot shows mean, s.d.\
c) Organoid formation assay (total organoid area) of CD9^low^ KPC cells with control pLV or pLV ASCT2 overexpression (n = 3 biologically independent experiments). Related to [Fig. 5i](#F5){ref-type="fig"}. p = 0.0091, two-sided *t* test. Dot plot shows mean, s.d.\
d) Histology of KPC pancreases at 4 weeks with indicated CD9 status (in the p53^Δ/Δ^ model, median survival of CD9^WT/WT^ mice 6.2 weeks). At this timepoint, all mice present with PDAC, regardless of CD9 status. Images are representative of at least 3 biologically independent animals.\
e) *Slc1a5* mRNA levels measured by RT-qPCR in early passage (\<5) KPC organoids of the indicated genotypes (n = 2 biologically independent animals per genotype); cells were isolated from endpoint tumours. Values normalised to *Gapdh* and *Actb*; fold changes calculated relative to CD9^WT/WT^ cells.\
f) Indicated tetraspanin mRNA levels measured by RT-qPCR in early passage (\<5) KPC organoids of the indicated genotypes (n = 2 biologically independent animals per genotype); cells were isolated from endpoint tumours. Values normalised to *Gapdh* and *Actb*; fold changes calculated relative to CD9^WT/WT^ cells.](EMS84419-f012){#F12}

![CD9 expression in human PDAC\
a) Co-IP of endogenous CD9 with endogenous ASCT2 after ASCT2 pull-down in the human pancreatic cancer cell line PANC-1. Input, left, 10% polyacrylamide gel; Co-IP, right, 20% polyacrylamide gel to separate bands from IgG heavy and light chains (asterisks). Blot representative of 2 independent experiments. See Source Data for uncropped blots.\
b) Co-immunofluorescence for CD9 and ASCT2 on human PDAC, showing punctate CD9 at the plasma membrane, with high levels of ASCT2 in CD9^high^ cells; scale bars, 20 μm. Data are representative of 3 biologically independent human samples.\
c) Flow cytometry plots co-staining CD9 with other PDAC CSC cell surface proteins in primary human PDAC organoid culture. CD9 gate separates CD9^high^ cells from bulk; gates on the x-axis separate marker-positive from marker-negative cells (based on fluorescence minus one controls). Plots are representative of 3 biologically independent primary organoid lines.](EMS84419-f013){#F13}
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![CD9 identification.\
a) Scheme depicting the KFCkY mouse (Fbw7^F/F^; LSL-KRas^G12D^; R26-LSL-YFP; Ck19-CreER) and experimental approach. Black triangles, loxP sites; asterisk, G12D mutated exon. 8-week-old mice were used for injection.\
b) YFP stain of pancreatic sections of KFCkY mice 2 and 4 weeks post-tamoxifen. Transformed (1, 3) and non-responsive ducts (2, 4) are magnified on the right. Black arrows, transformed cells. Scale bar, 100 μm (left), 50 μm (right).\
c) CD44 stain of pancreatic sections of Ck19-CreER control mice 2 weeks post-tamoxifen, KFCkY mice 2 and 4 weeks post-tamoxifen. NT, non-transformed; T, transformed. Scale bar, 50 μm.\
d) Flow cytometry analysis of DAPI-negative KFCkY pancreas 2 weeks post-tamoxifen. Secondary antibody only was used to define CD44^-^ gate. Sorted YFP^+^CD44^+^ and YFP^+^CD44^-^ cells were used for PCR genotyping. Expected bands and fragment sizes (in base pairs) are indicated; see Source Data for uncropped gels.\
e) Scheme depicting experimental approach. T (YFP^+^CD44^+^) and NT (YFP^+^CD44^-^) cells from KFCkY pancreases (n = 15) were sorted and their RNA used for gene expression profiling.\
f) Gene expression profiles of T and NT cells from an RNA microarray. Normalised expression values (arbitrary units, a.u.) for each identified gene were plotted; each dot represents one gene. *Cd44*, *Cd9*, and *Epcam* are indicated with their fold change (FC) relative to NT cells.\
g) Validation of selected hits by RT-qPCR, from independently sorted T and NT cells. WT: non-recombined pancreatic cells (YFP^-^). Gene expression values were normalised to α-tubulin and fold changes were calculated relative to NT, or WT in the case of *Fbw7*. Bar chart shows mean, s.d. (n = at least 3 biologically independent animals), two-sided Mann-Whitney tests.\
h) Scheme depicting the KPCY mouse (p53^F/F^; LSL-KRas^G12D^; R26-LSL-YFP; Pdx1-Cre).\
i) Flow cytometry analysis of DAPI^-^YFP^+^ population from KPCY tumours at 5 weeks. Secondary antibody only was used to set CD9 gate.\
j) CD9 and YFP immunofluorescence staining of KPCY tumour at 5 weeks. Scale bar, 50 μm, inset 40 μm by 40 μm. All flow cytometry plots and immuno-staining data shown in Fig. 1 are representative of at least three biologically independent animals/experiments.](EMS84419-f001){#F1}

![CD9 marks TICs.\
a) Scheme depicting experimental approach. Tumour cells (YFP^+^) from KPCY PDAC were isolated and sorted according to CD9 expression. YFP^+^CD9^high^ and YFP^+^CD9^low^ cells were plated in Matrigel for the organoid formation assay.\
b) Organoid formation assay of YFP^+^CD9^high^ and YFP^+^CD9^low^ cells freshly isolated from KPCY PDAC showing number and size of organoids formed (n = 3 biologically independent animals). Pixel area (arbitrary units, a.u.) was quantified for each organoid using ImageJ. Right, representative brightfield images of organoids 10 days after plating. Scale bar, 250 μm.\
c) Organoid formation assay of CD9^high^ and CD9^low^ tumour cells sorted from established KPCY organoids showing number and size of organoids formed (n = 8 biologically independent experiments). Size calculated as in (b). Dot plots in (b) and (c) show mean, s.d., p values from two-sided Mann-Whitney test.\
d) Scheme depicting experimental approach. KPCY organoids were grown for several passages. YFP^+^CD9^high^ and YFP^+^CD9^low^ cells were sorted and serial dilutions were injected into contralateral flanks of *Nu/Nu* mice.\
e) Final tumour volumes (cm^3^) from the experiment in (d); n = 3, 6, 6 and 4 biologically independent animals for 200,000-, 20,000-, 2,000- and 200-cell injections, respectively; mean, s.d., p values from two-sided Mann-Whitney test.\
f) Rate of tumour growth (mm^3^/day) of CD9^high^- and CD9^low^-derived grafts at highest dilution (n = 4 biologically independent animals, 200 cells). Below, representative image of tumours. Scale bar, 1 cm.\
g) Phosphorylated histone H3 (pH3) staining and quantification of CD9^high^- and CD9^low^-derived grafts (n = 3 biologically independent animals, from 2000-cell injection). Scale bar, 100 μm. Bar charts in (f) and (g) show mean, s.d., p values from two-sided Mann-Whitney test.](EMS84419-f002){#F2}

![CD9^high^ cells recapitulate tumour heterogeneity.\
a) Histological and immunological analysis of KPCY primary tumour, and CD9^high^- and CD9^low^-derived tumour grafts (n = 3 biologically independent animals, from 2000-cell injection). Black arrowheads indicate ductal differentiation in primary and CD9^high^-derived tumours. All regions in CD9^low^-derived tumours exhibit ductal differentiation. Scale bar, 1000 μm; 100 μm (YFP high magnification images).\
b) Immunofluorescence staining for the epithelial marker E-cadherin and the YFP lineage tracer in KPCY primary tumours, and CD9^high^- and CD9^low^-derived tumour grafts. Scale bars, 30 μm.\
c) Quantification of YFP-traced tumour cells with and without E-cadherin co-expression for the tumours in (b), plotted as percentage of total YFP^+^ cells.\
d) Immunofluorescence staining for the mesenchymal marker vimentin and the YFP lineage tracer in KPCY primary tumours, and CD9^high^- and CD9^low^-derived tumour grafts. Scale bars, 30 μm.\
e) Quantification of YFP-traced tumour cells with and without vimentin co-expression for the tumours in (d), plotted as percentage of total YFP^+^ cells. Dot plots in (c) and (e) include data from n = 3 biologically independent animals, show mean, s.d., p values from two-sided Mann Whitney test.](EMS84419-f003){#F3}

![CD9 is required for efficient PDAC development.\
a) *Cd9* mRNA levels measured by RT-qPCR upon stable lentiviral knockdown in KPC organoids using three different shRNAs (\#1-3) in pLKO.1 vector. Values were normalised to *Actb*; fold changes calculated relative to Scr (n = 4 biologically independent experiments). Bar chart shows mean, s.d.; Scr, scrambled shRNA control.\
b) Organoid formation assay (organoid number) of KPC organoids upon CD9 knockdown using shRNAs \#1-3 (representative of n = 3 biologically independent experiments). \*\*\*\*p \< 0.0001, two-sided *t* test.\
c) Weight of subcutaneous grafts at endpoint after injection of 2,000 Scr or sh\#3 KPC cells (n = 3 biologically independent animals). Below, representative image of tumours. Scale bar, 1 cm. p = 0.0465, two-sided *t* test. Dot plots in (b) and (c) show mean, s.d.\
d) Schematic of the EGFP control and EGFP-mCD9 overexpression system using a CMV enhancer/promoter. *Cd9* mRNA levels measured by RT-qPCR upon stable lentiviral overexpression of CD9. Values were normalised to *Pol2ra*; fold changes calculated relative to EGFP (n = 2 biologically independent experiments).\
e) Organoid formation assay (organoid number) of KPC organoids upon CD9 overexpression (n = 3 biologically independent experiments). p \< 0.0001, two-sided *t* test.\
f) Weight of subcutaneous grafts at endpoint after injection of 10,000 EGFP or EGFP-mCD9 KPC cells (n = 5 biologically independent animals). Below, representative image of tumours. Scale bar, 1 cm. p = 0.0262, two-sided *t* test. Dot plots in (e) and (f) show mean, s.d.\
g) Schematic of the KPC mouse model incorporating the conditional deletion of CD9. Black triangles, loxP sites; asterisk, G12D mutated exon.\
h) Kaplan-Meier survival plots of KPC (p53^Δ/Δ^) mice with wild-type CD9 (black, n = 10), heterozygous (green, n = 5) and homozygous (magenta, n = 5 biologically independent animals) CD9 deletion. p = 0.0113, two-sided log-rank test KPC CD9^WT/WT^ versus KPC CD9^Δ/WT^.\
i) Kaplan-Meier survival plots of KPC (p53^Δ/WT^) mice with wild-type CD9 (black, n = 14), heterozygous (green, n = 12) and homozygous (magenta, n = 7 biologically independent animals) CD9 deletion. p = 0.0114, two-sided log-rank test KPC CD9^WT/WT^ versus KPC CD9^Δ/WT^.](EMS84419-f004){#F4}

![CD9 facilitates glutamine import into TICs.\
a) Intensity-based absolute quantification of mass spectrometry results upon EGFP pull-down in EGFP versus EGFP-mCD9 KPC cells from one experiment.\
b) Co-IP of endogenous ASCT2 with CD9 in KPC cells. Input, left; Co-IP, right, asterisks indicate IgG heavy and light chains. Blot representative of 2 independent experiments; see Source Data for uncropped blots.\
c) Model of membrane complex containing CD9 and metabolite transporters, MCT1 and ASCT2.\
d) Schematic of KPF-CD9 dual-recombinase cells: KRas^G12D^ activation and p53 deletion -- Flp-dependent; CD9 deletion -- Cre-dependent.\
e) Immunofluorescence of KPF-CD9 organoids after control Adeno-EGFP or Adeno-CRE-EGFP infection. Arrowheads indicate adeno-infected cells with ASCT2 localisation. Images represent 2 biologically independent experiments. Scale bars, 20 μm.\
f) Quantification of ASCT2 localisation from (e). Adeno-EGFP cells (black; n = 44 organoids) versus Adeno-CRE-EGFP cells (blue; n = 27 organoids; representative of 2 biologically independent experiments). Graph shows mean, 95% CI.\
g) Supernatant glutamine levels of KPF-CD9^F/WT^ and heterozygous KPF-CD9^Δ/WT^ organoids, normalised to organoid growth (n = 3 biologically independent experiments). p = 0.0253, two-sided *t* test.\
h) Organoid formation assay (organoid number) of KPF-CD9^F/WT^ and KPF-CD9^Δ/WT^ organoids, with basal or elevated glutamine; with control pLV or pLV ASCT2 overexpression (n = 3 biologically independent experiments). Black p values (CD9^F/WT^ versus CD9^Δ/WT^) calculated using two-way ANOVA corrected for multiple comparisons, Holm-Sidak method, α = 0.05. Blue p values (within CD9^Δ/WT^) calculated using two-way ANOVA corrected for multiple comparisons, Dunnett's test, α = 0.05.\
i) Organoid formation assay (organoid number) of CD9^low^ KPC cells with control pLV or pLV ASCT2 overexpression (n = 3 biologically independent experiments). p = 0.01, two-sided *t* test.\
j) Organoid formation assay (total organoid area) of KPF-CD9^F/WT^ and KPF-CD9^Δ/WT^ organoids, with DMSO and CB-839 or V-9302 drug treatments (n = 3 biologically independent experiments). Statistics calculated using two-way ANOVA corrected for multiple comparisons, Holm-Sidak method, α = 0.05. Dot plots in Fig. 5g-j show mean, s.d.\
k) Unsupervised clustering heatmap of top 100 metabolic features in 4-week pancreatic tissue from KPC CD9^WT/WT^, KPC CD9^Δ/WT^ and KPC CD9^Δ/Δ^ mice (n = 6 per genotype); 16 identified metabolites indicated.](EMS84419-f005){#F5}

![CD9 expression in human PDAC and overall model.\
a) Kaplan-Meier survival plot of PDAC patients in the TCGA dataset expressing above (n = 90 patients, black) or below (n = 89 patients, grey) median levels of *CD9*. p = 0.0057, two-sided log-rank test.\
b) Pie chart showing largely independent genomic amplifications of *CD9* and *KRAS* genes on chromosome 12 in micro-dissected PDAC samples (n = 109) of the UTSW dataset ^[@R37]^.\
c) Oncoprint of *CD9* and *SLC1A5* (encoding ASCT2) genes showing largely independent genomic amplifications in the UTSW dataset, visualised using cBioportal (<http://www.cbioportal.org/>)^[@R36]^.\
d) Immunofluorescence of a human PDAC, showing rare and punctate CD9 membrane staining in E-cadherin^+^ tumour cells (representative of 5 independent patient samples). Scale bars, 20 μm, insets 20 μm by 20 μm.\
e) Organoid formation assay (organoid number) of CD9^high^ and CD9^low^ tumour cells sorted from primary human PDAC organoid cultures (*KRAS* mutant; n = 2 biologically independent patients samples). Dot plots show mean, s.d., p values from two-sided *t* tests.\
f) Model contrasting the properties of CD9-proficient and CD9-deficient cells in PDAC. Primary PDAC tumours are heterogeneous, containing some tumour cells with high surface levels of CD9 (outlined in red). These cells are highly tumourigenic and, upon transplantation, can recapitulate the heterogeneity of primary tumours ("Secondary PDAC", right). CD9^low^ or heterozygous cells, in contrast, cannot recapitulate the primary tumour upon transplantation. See text for details.](EMS84419-f006){#F6}
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